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Abstract
Aim of study: To conduct the first full-scale crown fire experiment carried out in a Mediterranean conifer stand in Spain; to use 
different data sources to assess crown fire initiation and spread models, and to evaluate the role of convection in crown fire initiation.
Area of study: The Sierra Morena mountains (Coordinates ETRS89 30N: X: 284793-285038; Y: 4218650-4218766), southern 
Spain, and the outdoor facilities of the Lourizán Forest Research Centre, northwestern Spain.
Material and methods:  The full-scale crown fire experiment was conducted in a young Pinus pinea stand. Field data were compared 
with data predicted using the most used crown fire spread models. A small-scale experiment was developed with Pinus pinaster trees 
to evaluate the role of convection in crown fire initiation. Mass loss calorimeter tests were conducted with P. pinea needles to estimate 
residence time of the flame, which was used to validate the crown fire spread model.
Main results: The commonly used crown fire models underestimated the crown fire spread rate observed in the full-scale experiment, 
but the proposed new integrated approach yielded better fits. Without wind-forced convection, tree crowns did not ignite until flames 
from an intense surface fire contacted tree foliage. Bench-scale tests based on radiation heat flux therefore offer a limited insight to 
full-scale phenomena.
Research highlights: Existing crown fire behaviour models may underestimate the rate of spread of crown fires in many Mediterranean 
ecosystems. New bench-scale methods based on flame buoyancy and more crown field experiments allowing detailed measurements 
of fire behaviour are needed.




Crown fires display extreme fire behaviour (Werth et 
al., 2016) as the fire spreads through both the surface 
and tree canopy fuel layers, with the surface and crown 
fire phases more or less linked (Alexander & Cruz, 
2016). These fires are generally of high intensity, are 
difficult to suppress and can have severe ecological and 
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socioeconomic impacts (Moreira et al., 2011). However, 
despite the social, economic and ecological significance 
of crown fires, modelling of crown fire behaviour has not 
been adequately addressed from scientific and technical 
points of view, and it is far from being solved (Cruz & 
Alexander, 2010). There are two main reasons for the 
difficulties in modelling crown fires: (i) the extreme 
complexity of the physical phenomenon (Rothermel, 
1991), due to the heterogeneous fuel involved and 
the multiple influencing factors such as wind, slope, 
relative humidity, fuel moisture, atmospheric stability 
and surface fire intensity; and (ii) the complexity of 
conducting experimental crown fires (Stocks et al., 
2004a). These difficulties are common throughout the 
world, including the most advanced countries where 
crown fire experiments have been carried out in a 
limited extension (for a review, see Alexander & Cruz, 
2016).
Although current physical models (Linn et al., 2005; 
Mell et al., 2009) represent substantial advances in 
crown fire modelling, from an operational point of view, 
two main empirical approaches in predicting crown fire 
spread continue being the base of the commonly used 
crown fire prediction systems. The first approach is 
that used in the models proposed by Rothermel (1991) 
and Finney (1998), based on the relationship between 
the predicted rate of fire spread at the surface and the 
fire rate of spread observed in crown fires in the Rocky 
Mountains (North America). The second approach, 
used for active crown fires, is based on wind speed, 
canopy bulk density and the estimated fine dead fuel 
moisture content (Cruz et al., 2005). Crown fires are 
serious and dangerous events for forest management, as 
fire suppression efforts are much more complex than for 
surface fires, due to high fire-line intensity, spread rate, 
smoke production, spotting and turbulent fire spread 
(Alexander & Cruz, 2016). In Spain, technical advances, 
available allometric equations and previous experience 
in tackling large fire in Andalusia have demonstrated 
the need for development of new approaches (Molina, 
2015).
It must be taken into account that the most widely 
used crown fire initiation and spread models (Van 
Wagner, 1977; Rothermel, 1991; Finney, 1998; Cruz 
et al., 2005) have an empirical basis developed and 
tested in boreal forests (Alexander & Cruz, 2016). The 
models of Van Wagner (1977) and Rothermel (1991) are 
integrated in prediction systems (www.fire.org) as well 
as in the widely applied FARSITE fire area simulation 
tool (https://www.firelab.org/project/farsite). Other fire 
area simulation systems (e.g. VISUAL-CARDIN® and 
WILDFIRE ANALYST®) also include these models. 
These tools are frequently used by forest managers to 
estimate fire risk (e.g. Bradstock et al., 2012), to design 
fuel management treatments (e.g. Ager et al., 2012) and 
fuelbreak networks (e.g. Oliveira et al., 2016), and to 
prioritize firefighting strategies (e.g. Butler & Cohen, 
1998) in a wide range of forest ecosystems. Crown 
fire behaviour modelling is also used within the 
framework of wildfire research to assess the efficacy 
of fuel treatments (e.g. Arca et al., 2007; Duguy et 
al., 2007; González-Olabarría et al., 2012; Jiménez 
et al., 2016; Oliveira et al., 2016; Madrigal et al., 
2017). Nevertheless, crown fire models have not 
been tested by experimental burns in Mediterranean 
conditions and the predictions may therefore be 
misleading (Cruz & Alexander, 2010; Benali et al., 
2016), leading to the application of inappropriate 
forest and fire management activities. 
Laboratory experiments offer limited insight 
into forest fire behaviour (Fernandes & Cruz, 2012; 
Sullivan & Cruz, 2015); however, bench-scale 
and small-scale experiments can be designed in a 
partially controlled environment to help explain 
some physical and chemical aspects with a complex 
interpretation at full-scale (Finney et al., 2015). In 
this sense, full-scale crown fire experiments can 
benefit from observations and data obtained in field 
experiments at smaller scale.
The aims of this paper are as follows: (1) to 
present the main results of the first full-scale crown 
fire experiment conducted in a Mediterranean 
conifer stand in Spain; (2) to compare the results 
obtained for crown fire initiation and propagation in 
Mediterranean conifer forests (Pinus pinea L. and 
Pinus pinaster Ait.) with current crown fire models 
by using data from field and laboratory experiments; 
(3) to obtain information on pine crown ignition 
in the absence of wind-forced convection; (4) to 
assess the flame residence time during crown fires 
in Mediterranean conditions. This work is part 
of a more comprehensive research project on the 
initiation, propagation and socio-economic impacts 
of crown fires in pine stands.
Material and methods
Full-scale crown fire experiment:“Las Traviesas” 
(Córdoba, southern Spain)
A young P. pinea (stone pine) stand (<40 years 
old) located in the Sierra Morena mountains in 
southern Spain (coordinates ETRS89 30N: X: 
284793-285038; Y: 4218650-4218766) was selected 
as the study site for full-scale experiments (Fig. 1). P. 
pinea is one of the most important tree species in the 
Mediterranean region. It is patchily distributed all 
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around the northern and eastern Mediterranean, from 
Portugal to Syria as well as along some coastal areas 
of the Black Sea, from sea level up to 500-600 m in the 
northern Mediterranean and up to 800-1400 m in the 
eastern Mediterranean (Fady et al., 2004). In Spain, P. 
pinea occupies an area of approximately 480,000 ha 
in both natural and afforested stands (Bravo-Oviedo 
& Montero, 2008). For the present study, this species 
of pine was chosen for an opportunity reason. The 
area of burning is included in the priority areas of 
fuel treatment for the reduction of fire hazard planned 
by the Provincial Forest Fire Service. The selection 
was based on the annual fuel treatment planning and 
counted with the support of suppression teams and 
equipment for a fire escape contingency. In addition, 
the structure of the young stone pine stands is similar 
to that of other species of Mediterranean pines, and 
therefore it is possible to extrapolate the results to 
other species of pine associated with the model 7 of 
the Northern Forest Fire Laboratory (NFFL) System 
(Anderson, 1982). The climate in the selected area is 
classified as continental Mediterranean (mean annual 
precipitation, 492.92 mm; mean annual temperature, 
15.47 °C; and mean temperature of coldest and hottest 
months, respectively, 6.62 and 26.31 °C). Altitude 
ranges from 664 and 716 m, with a mean slope of 34.25 
%. The soils are siliceous with acid metasedimentary 
rocks. 
Three rectangular plots (60 m × 30 m) were 
established in the experimental site. Vegetation in Plots 
1 and 2 (Fig. 1a) corresponds to the HPM5 surface 
fuel model (Rodríguez y Silva & Molina, 2012) and 
is characterized by a combination of litter, grasses and 
Figure 1. Full-scale crown fire experiment: (a) map showing location of the study area and photograph 
of the area (red line) and the experimental plots (blue rectangles), (b) transects for monitoring the 
fuels, and positions of the thermocouple stations (red points), and (c) positions of the crown fire events 
(indicated in yellow).
Density (N) 525 (± 293) trees/ha
Diameter at breast height 
(DBH) 17.20 (± 4.49) cm
Mean height (H) 6.85 (± 1.77) m
Live crown base (LCB) 1.61 (± 0.49) m
Crown diameter (D) 4.08 (± 0.60) m
Crown fuel load (CFL) 1.239 (± 0.18) kg/m2
Crown bulk density 
(CBD)
0.236 (±0.04) kg/m3
Table 1. Characteristics of tree stand and canopy (Pinus 
pinea, fuel moisture content of needles = 140%) in the 
full-scale experimental crown fire in the “Las Traviesas” 
plots. Values are shown as means ± standard deviation.
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shrubs under canopy. Plot 3 corresponds to model HR, 
litter under canopy, which is similar to model 9 in the 
NFFL System.
Litter, duff (humus) and understory fuel (vegetation 
under canopy) variables (average understory height and 
cover per species, litter and duff depth and cover) were 
characterized by continuous measurements made on 
two perpendicular transects across the plots. The fuel 
loads were determined by using destructive sampling in 
adjacent areas (30 quadrats of 0.4 m x 0.4 m for litter 
and duff and 28 samples of 1 m × 1 m for understory). 
Litter and understory fuel of thickness less than 6 mm 
was considered available fuel. The inventories were 
repeated in the plots after carrying out the experiment 
to estimate the fuel load consumed during burning. 
Canopy and tree variables (diameter at breast height, 
height, crown base height, crown diameter) were 
measured in two circular plots (radius 10 m) in each 
rectangular plot (Table 1). Three representative trees 
were felled in an adjacent area. The fractions available 
for burning (branches and needles sorted by diameter 
size class <6 mm and 6-25 mm) were weighed and 
dried (100 ºC, 24 h) to enable calculation of the Crown 
Fuel Load (CFL, kg/m2). The load over depth method 
(Van Wagner, 1977) was used to calculate Canopy Bulk 
Density (CBD, kg/m3) (Table 1). This inventory was 
repeated after burning to estimate consumed fuel load 
by harvesting six trees. 
In order to estimate the wind speed correction factor, 
micrometeorological parameters were measured by 
three weather stations placed under the canopy (at a 
height of 1.30 m) for 6 days before the experiment. An 
additional weather station was sited (at a height of 10 m) 
in an adjacent area as control (Tables S1, S2, S3 and S4 
[suppl]). These automatic weather stations were used to 
monitor relative humidity, temperature, wind speed and 
wind direction throughout the experiment.
Samples of fine fuels (dead and live) were collected 
before the experiment and stored in hermetically sealed 
plastic bags for subsequent estimation of Fuel Moisture 
Content (FMC) in the laboratory within 24 hours.
In order to monitor the crown fire Rate of Spread 
(ROS) and temperatures reached during the experiment, 
56 K type thermocouples (1 mm of diameter) were 
located at four different positions across four transects 
(Fig. 1b): (1) two thermocouples were placed at the 
Crown Base Height (CBH) level (roughly 2 m) in each 
tree: one in a windward (and upslope) position and the 
other one at an angle of 90º from the latter, and (2) two 
thermocouples were placed in the middle of the length 
of the crown (at a height of 4 m, in the same positions 
as before), i.e in the layer with highest canopy bulk 
density. The flame residence time tr was estimated in 
(a) the passive crown fire events as the residence time 
of flame temperature (above 300 ºC), measured by 
thermocouples positioned in the same tree (2 and 4 m 
height), and in (b) the active crown fire events as the 
residence time of flame temperature (above 300 ºC), 
measured by thermocouples located in the crown 
(height 4 m) in two consecutively burned trees.
The fire was initiated with a dip torch. A fire line was 
established along the border of the experimental area 
and an upslope fire front was established. Crown fire 
events were monitored visually by three independent 
observers and automatically by thermocouples (see 
above). Passive crown fire events were observed along 
the fire line, and automatically-collected data were 
completed with visual observations of flame residence 
time. All field data were used as inputs to compare 
with the theoretical predictions from the most common 
crown fire propagation models. 
In previous studies carried out in the Region of 
Andalusia (southern Spain), validation of crown fire 
models has relied on wildfires technical reports, cases 
study of large fires occurred and the experimental 
fires undertaken in the region. In these studies, 
comparisons between rates of fire spread observed 
in the field and their predictions have transmitted a 
certain degree of uncertainty, as the predictions did not 
yield similar behaviour parameters to those observed 
(Molina, 2015). A new approach to crown fire spread 
was developed on the basis of the models proposed 
by Rothermel (1991), Finney (1998) and Cruz et al. 
(2005), but with an integration parameter included 
in order to adapt the simulations to Mediterranean 
conditions. It was thus necessary to incorporate 
another two variables (wind speed and canopy cover) 
to explain real events (Eq. [1]). Information about the 
uncertainty (Ʋ) was important in testing and validating 
the new model for Mediterranean forest conditions. In 
this sense, the uncertainty measurement was lower 
for the new integrated equation (Ʋ = 43.19) than for 
approaches used by Rothermel and Finney (Ʋ = 74.70) 
and by Cruz et al. (Ʋ =58.49) according to some crown 
fire events (Molina et al., 2013). 
[1] 
where “VUCO” is the crown rate of spread according to 
the proposed new mathematical integration (m/min), 
“VRF” is the crown rate of spread rate based on the 
approach used by Rothermel and Finney (m/min), “VC” 
is the crown rate of spread according to the approach 
used by Cruz et al. (m/min), “V10m” is the 10 m height 
wind speed (km/h) and “CC” is the canopy cover 
(expressed as parts per unit). This equation was also 
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used in the present study to compare field data with 
modelling predictions.
Small-scale experiment: observing crown 
ignition without wind-driven convection in Pinus 
pinaster
This experiment, conducted in the field facilities 
of the Lourizán Forest Research Centre (Pontevedra, 
NW Spain), aimed to obtain direct information on 
P. pinaster crown ignition caused by the radiation 
from a high intensity surface fire front, spreading 
towards a clump of pine trees, simulating conditions 
in absence of wind-forced convection. A flat terrain 
and meteorological conditions with very low wind 
velocity were selected to minimize the effect of air of 
slope-forced convection on energy transport from the 
surface fire to tree crown. A plot of length 12 m and 
width 10 m was installed and surrounded by a fire 
break. A surface fuel layer made from a mixture of 
plants of the shrub species Pterospartum tridentatum 
(L.) Willk. and Erica spp., previously collected in the 
field and air-dried for several weeks, was constructed 
and used to carry a surface fire. This added material 
was weighted and homogenously distributed across 
the plot to obtain 9.4 kg/m2 (oven-dry basis)  of fuel 
load, with relatively low moisture content to enhance 
a high combustion rate and the development of a 
sustained high vertical flame and linear intensity. 
Twenty measurements of the shrub layer fuel height 
were systematically made. Eight P. pinaster trees 
(diameter at breast height from 8.3 to 11.8 cm, total 
height from 8.2 to 10.5 m, and height to live crown 
from 1.8 to 4.2 m) were felled in a nearby area and 
immediately placed in two rows at one end of the 
plot. The trees were inserted vertically, with the help 
of a small crane, in previously excavated cylindrical 
holes, which were filled with water to minimize 
foliar moisture loss. Eight samples of the added 
shrub fuel (1 m × 1 m) were collected and classified 
by size classes (1 h, 10 h and 100 h) and oven-dried 
in the laboratory for 24 h (100ºC) to determine pre-
fire surface fuel load.
Wind direction and speed (2 m, 4 m and 6 m height), 
relative air humidity and air temperatures during the 
experiment were measured and recorded every second 
in a meteorological station installed in the nearby in 
the upwind position. Immediately before ignition, 
samples of shrub, trees needles and branches were 
collected to determine the fuel moisture content after 
oven-dried for 24 h (80ºC).
The fire was ignited along the edge of the plot 
opposite the trees rows. Fire behaviour was monitored 
during the experiment. Eight fine thermocouples were 
regularly located inside the shrub fuel area to determine 
fire rate of spread, and four thermocouples were 
installed in each tree crown at heights of 2 m, 4 m, 6 m 
and 8 m, on needles fascicles. The thermocouples were 
inconel-sheathed, type K (chromel-alumel), of 1 mm of 
diameter, with bared wires of 0.13 mm diameter with 
an exposed junction. Temperatures were recorded at 1-s 
intervals during the fire by dataloggers. Images of fire 
development and flame characteristics were recorded, 
at ground level, with one infrared thermographic 
camera and one video camera, and allowed estimate 
flames length. After flaming, a smouldering phase 
took place making it inadequate post-fire sampling to 
calculate fuel consumption during the flaming phase. 
Hence, linear intensity of the surface fire was calculated 
following two approaches. First, from the relationship 
between this parameter and flame length (Thomas, 
1963). Second, according to Byram’s equation (Byram, 
1959), considering total 1 h material and half 10 h 
material as consumed fuel load during flame phase. A 
value of 19,500 kJ/kg was used for the heat content of 
the fuel complex.
Flammability bench-scale experiments: estimating 
flame residence time
Stocks et al. (2004b) and Taylor et al. (2004) reported 
that a physically-based model proposed by Nelson & 
Adkins (1988) yielded better cross-validations than the 
models developed by Rothermel (1991) and Finney 
(1998) during the International Crown Fire Modelling 
Experiment (ICFME) carried out in Canada (Stocks et 
al., 2014a). This model (Eq. [2]) requires the value of 
residence time of the flame tr to predict ROS: 
[2] 
where W is the fuel consumed and U is the wind speed. 
Due to the difficulties in measuring tr in the field (visually 
and automatically observed, see above) a laboratory 
experiment was designed to enable comparison of full-
scale and bench-scale tests and to determine the tr value 
for its use in the model proposed by Nelson & Adkins 
(1988). 
Sub-samples of material (500 g) were obtained 
from the crown of six P. pinea trees during collection 
of samples to estimate the FMC in the “Las Traviesas” 
experimental fire (see above). The samples were 
transported to the laboratory in hermetically sealed 
plastics bags and stored in a refrigerator chamber (4ºC). 
A series of mass loss calorimeter tests (N=10) was 
carried out during the course of one week by applying the 
method proposed by Madrigal et al. (2013) to produce at 
least 5 replicates that comply with repeatability criteria 
=
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Table 2. Surface fuel load and fuel consumed (mean ± standard deviation), for class size and type 
of fuel (dead and live) in the full-scale crown fire experiment. Live fuel comprised Rosmarinus of-
ficinalis (FMC1=193%), Ulex parviflorus (FMC=80%), Pistacia lentiscus (FMC=101%), Quercus ilex 





<0.6 cm 0.6-2.5 cm >2.5 cm
Fuel load (kg/m2)
0.64 (±0.009) 0.21 0.46 0.07 0.986 2.37
(±0.02)  (±0.08)  (±0.01) (±0.13)  (±0.22)
Fuel consumed (%)
83.12 (±1.17) 95.89 54.37 9.27 70.48 83.87
(±19.82) (±16.44) (±4.08) (±22.68) (±19.81)
1FMC = fuel mtoisture content
Table 3. Canopy fuel load and fuel consumed during the full-scale experimental crown fire (mean±stand-




<0.6 cm 0.6-2.5 cm
Fuel load (kg/m2) 0.56 (±0.16) 0.255 (±0.05) 0.424 (±0.05) 1.239
Fuel consumed (%) 100 51.5 (±19.51) 36.82 (±16.35) 64.85 (±15.04)
Fuel consumed (kg/m2) 0.56 (±0.16) 0.131 (±0.03) 0.156 (±0.02) 0.847 (±0.17)
Table 4. Validation of crown fire rate of spread models for the main crown fire events (A, B, C) in the 













Finney Cruz et al. UCO
A 30 11 5.9 0.21 8 7.5 3.5 9.3
B 30 11 5.9 0.11 10 7.5 4 11
C 30 11 14.04 0.22 21 13.5 8.5 17.3
DFMC=dead fuel moisture content; U=wind speed; CBD=crown bulk density; ROS= rate of spread; 1 observed; 
2 estimated with Rothermel and Finney, Cruz et al. and University of Córdoba (UCO) models.
Table 5. Fuel moisture values of fuel samples immediately before ignition in the small-scale experiment 
at the Lourizán Forest Research Centre.  









Shrub 1 h (<0.6 cm)
10 h (0.6-2.5 cm)
17
17
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(Madrigal et al., 2009). Samples were tested at an average 
of 130% of FMC (similar to the field-estimated FMC of 
140%). A heat flux of 50 kw/m2 was selected to simulate 
the crown fire combustion during the field experiments 
(Cruz et al., 2006). A type K thermocouple (1 mm 
diameter) was sited at fuel level to measure the increase in 
temperature during the tests for comparison with field data 
(see previous section). Difference between Time to Flame 
Out (TFO) and Time to Ignition (TTI) of the samples 
was used as an estimate of tr. The results of this series of 
tests were compared with the time dependent curve of 
temperatures during crown fire events determined in the 
full-scale experiment (see previous section). Different tr 
values obtained in bench scale and full scale experiments 
were used to validate the model proposed by Nelson & 
Adkins (1988), considering the average values of W and U 
determined in the “Las Traviesas” experiment.
Results
Full-scale crown fire experiment: “Las Traviesas” 
(Córdoba, southern Spain)
Crown fire activity was only observed in Plot 1 and in 
the lower part of Plot 2 (Fig. 1). Surface fire spread 
was observed in Plots 1, 2 and 3. The average total 
surface fuel load consumed was 2.05 kg/m2 (Table 
Figure 2. Images of crown fire events during burning in the fullscale crown fire experiment: (a,b) general view of 
study area, (c,d,e) crown fire events, (f) detail of a crown fire.
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2) and the estimated canopy fuel load consumed 
was 0.85 kg/m2 (Table 3). Three crown fire events 
(A, B and C) were monitored in the “Las Traviesas” 
experiment (Fig. 1c, Fig. 2). Although wind speed 
was different in event C than in events A and B, the 
differences in the ROS between “events A and C” 
and “event B” seem to be due to differences in CBD 
(Table 4). Wind speed was moderate (5.9 km/h), but a 
mass fire (Finney & McAllister, 2016) was observed, 
generating an increase in local wind speed (14 km/h) 
detected by the meteorological station closest to the 
crown fire event C (Table 4). The signal recorded by 
the thermocouples located in the tree crowns (Fig. 3) 
indicated that ROS ranged between 8 and 21 m/min 
(Table 4). ROS of event C (21 m/min) differed from 
that of events A and B (8-10 m/min). Field ROS were 
compared with the theoretical predictions from the 
Rothermel-Finney approach, the Cruz et al. approach 
and the new mathematical integrated approach (Eq. 
[1]). 
The most commonly used crown fire models 
(Rothermel, 1991; Finney, 1998; Cruz et al., 2005) 
underestimated ROS relative to observed values 
(particularly the Cruz et al. approach) (Table 4). 
Although the best-fit for event A was yielded by 
the Rothermel and Finney model, the best-fit for 
events B and C was achieved with the proposed new 
integrated model (Table 4).
Small-scale experiment: observing crown 
ignition without wind-driven convection in 
Pinus pinaster
Shrub fuel load was 5.6 kg/m2 for 1 h material 
(<0.6 cm of thickness) and 3.8 kg/m2 for 10 h material 
(between 0.6 and 2.5 cm). Shrub layer bulk density 
was 7.3 kg/m3. FMC immediately before ignition of 
fuel samples is shown in Table 5. Air temperature 
was 20ºC and air humidity was 75%. Mean wind 
speed during the experimental fire was less than 1 
km/h. 
Despite low FMC, surface fire ROS was low 
(2.2 m/min), likely due to low wind velocity and 
high fuel compactness (more than twice the usual 
value for similar shrub species; Arellano et al., 2016). 
Flames reached 7-12 m and were vertical during the 
fire run. This was likely due to high combustion rate 
(the heat generated was sufficient to partially melt 
some 20 mm diameter steel rods placed in the area 
to indicate the flame height), low wind velocity and 
fire front indraft, resulting in a high fireline intensity 
(9,500 kW/m following Thomas (1963) approach, 
and 5,363 kW/m following Byram (1959) approach). 
The maximum temperatures reached in the shrub 
layer ranged from 954 to 1,168 ºC, whereas in the 
tree crowns maximum temperatures ranged from 82 
to 1,224 ºC. 
Analysis of the information recorded by 
thermocouples (Fig. 4) and the images of the infrared 
thermography camera (Fig. 5) revealed that crowns 
did not start to ignite (temperatures higher than 
300 ºC) until the distance between the fire and trees 
was less than 2 m. The average of tr was 22 s (range 
between 12 s and 31 s). A crown fire simulation using 
the Crown Fire Initiation and Spread (CFIS) model 
(Alexander et al., 2006) using the meteorological 
and fuel load information of the experimental fire 
predicted a probability of crown fire initiation of 61%, 
consistent with that observed in the experiment. 
Figure 3. Full-scale crown fire experiment. Time-
dependent temperature curves during the burning. 
Horizontal red line indicates assumed crown ignition 
threshold. Vertical lines indicate the residence time 
of flame (tr). Minimum, average and maximum tr are 
shown.
Figure 4. Small-scale experiment. Temporal variation 
(x-axis, s) in crown temperature (y-axis, ºC) at 
different heights (solid lines) and temporal variation in 
temperatures in surface fuel at different distances from 
the first trees line (dotted lines).
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Table 6. Validation of Nelson & Adkins (1988) model considering different criteria for fuel consumed (W) 
and flame residence time (tr) in the full-scale crown fire experiment. The best estimate of the observed rate 











tr = 44 s tr = 30 s tr = 20 s tr = 12 s
A 2.05 0.847
SFC+CFC
5.9 8 1.46 2.14 3.21 5.35
B 2.05 0.423 5.9 10 1.40     2.06 3.09 5.15
C 2.05 0.860 14.04 21 5.42 7.95 11.93 19.88
A 2.05 0.847
CFC
5.9 8 1.07 1.57 2.36 3.94
B 2.05 0.423 5.9 10 0.90 1.32 1.98 3.31
C 2.05 0.860 14.04 21 3.99 5.86 8.79 14.66
SFC=surface fuel consumption; CFC=crown fuel consumption; U=wind speed
Flammability bench-scale experiments: estimating 
flame residence time
The Mass Loss Calorimeter experiments (Fig. 6) 
yielded a difference between TFO and TTI values of 
44±10 s (average±standard error) as an estimate of tr 
(range between 19 s and 71 s). This is consistent with 
visually observed values for passive crown fire during 
the “Las Traviesas” experiment (range, 12-30 s, and 
mean value, 22 s), small-scale experiments (range, 
12-31 s, and mean value, 21 s) and is within the range 
obtained by Taylor et al. (2004) during the ICFME 
(range 29-37 s, and mean value, 34 s). Madrigal et al. 
(2013) reported an average tr value of 30 s obtained 
during an experimental series of crown fire initiation 
tests in an outdoor wind tunnel. The prediction yielded 
by the Nelson & Adkins (1988) model using tr = 30 s 
(Table 6) was similar to the rate of spread estimated 
by Cruz et al. (2005) model and was a poorer estimate 
than provided by the Rothermel-Finney model (Table 
4).
Analysis of time-dependent temperature curve in 
the crowns during the full-scale experiment (Fig. 3) 
indicated a tr of between 12  s and 30 s. The use of 
average values of tr = 20 s observed during crown events 
in the full-scale and small scale experiments (tr = 22s) 
and minimum values during bench-scale experiment (tr 
= 19 s) yielded a better overall estimation of ROS but 
greatly underestimated the rate of spread (Table 6). The 
estimates closest to the observed ROS corresponding to 
tr = 12 s for event C (considering the sum of consumed 
surface and crown fuel load as the fuel consumed W in 
the Nelson and Adkins equation) (Table 6).
Discussion
The fit for the new integrated model was validated 
in the “Las Traviesas” experiment. Variations in 
fire spread predicted by the models proposed by 
Rothermel-Finney and by Cruz et al. and actual 
field behaviour can be observed (Table 4). The new 
integrated equation (Eq. [1]) yielded better results 
for the mean absolute error and standard deviation 
(14.62±4.06) than obtained by the approaches used 
by Rothermel (1991) and Finney (1998) (23.11±16) 
and by Cruz et al. (2005) (58.59±2.04) and also 
provided a reasonable fit for observed values of ROS 
in the three events analysed during the full-scale “Las 
Traviesas” experiment (Table 4). Although Molina 
(2015) obtained overestimates for wind speeds, the 
most commonly used models (Rothermel 1991, 
Finney 1998, Cruz et al., 2005) underestimated the 
ROS. This may be due to the low wind speed during 
the experiment (Table 4). Stocks et al. (2004b) 
obtained underestimations of Rothermel (1991) and 
Finney (1998) models but a reasonable fit from Cruz 
et al. (2002). The model proposed by Cruz et al. 
(2002) was developed in boreal forests characterized 
by low surface fuel load and lower CBD than in the 
P. pinea stands under study here (at least for events 
A and C, Table 4). This crown biomass structure 
is typical in the Mediterranean area (Molina et al., 
2013) and could be extrapolated to other young 
conifer stands arising from afforestation or post-fire 
natural regeneration in Spain (Montero et al., 2005; 
Ruiz-Peinado et al., 2011). Taking into account 
that meteorological conditions during the full-scale 
experiment were moderate relative to summer 
conditions in southern Spain, underestimation of the 
spread rate is expected if these models are applied 
during suppression activities in the study area. 
Although crown fire is a very frequent phenomenon 
in pine wildfire, detailed records of temperature in 
crown flaming during experimental fires are extremely 
scarce. Our data are a first contribution, referred to the 
Mediterranean conifers, and show temperature peak 
values and transient responses fairly similar to those 
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observed in boreal forests (Taylor et al., 2004; Butler 
et al., 2004b; Butler, 2010). Although the limitations 
of the thermocouples to reflect the true values of 
temperature in the flaming area are well known (e.g. 
Pitts et al., 2002; Shannon & Butler, 2003; Bova & 
Dickinson, 2008), the errors when fine thermocouples 
are used can be considered as to relatively be minor 
for peaks temperatures (Butler et al., 2004b). Still, in 
our study, temperature records were primary used to 
determine fire spread in the full-scale experiment and 
the distance between fire front and crown to initiate 
a passive crown fire in the small-scale experiment. 
Moreover, both in the field and bench experiments, 
thermocouples records supplied values for flaming 
residence time in different conditions of heat transfer 
and assuming a common ignition threshold (573 ºK). 
The measured time were quite similar among them, 
consistent with data referred by Despain et al. (1996), 
obtained from video records in the Yellowstone fire 
(1988) and those measured in the above referred crown 
fire experiments.
Despite the high intensity of the fire developed 
during the small-scale experiment and the substantial 
radiant surface from a well-developed “flames wall” of 
the surface fire, crown torching did no occurred until 
flames were very close to the trees crowns (Fig. 5). The 
images recorded do not suggest a piloted ignition of 
pyrolisates from radiation, but by buoyancy with strong 
turbulent convection in concordance with observations 
in the full-scale experiment and data from other crown 
fires (Clark et al., 1999; Coen et al., 2004; Taylor et 
al., 2004). Therefore, it would seems to question the 
ability of just radiation to explain crown fire (Butler 
et al., 2004a) and support the need to consider the 
role played by convection (Finney et al., 2013, 2015). 
Measurements in scanty crown fire experiments 
(Frankman et al., 2012) show that relative contribution 
of convective and radiative energy transfer can be 
Figure 5. Small-scale experiment. Simultaneous images taken withan infrared thermography 
recording camera (left) and with a video camera (right), showing the flameat a distance of (a) 6 
m and (b) 2 m from the tree crowns, and (c) in contact with the crowns and just when the ignition 
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highly variable from a fire to another. That suggests 
that likely models considering a more flexible 
contribution of convective and radiative components 
could be more realistic (Finney et al., 2015). Both the 
full and small-scale experiments, with light-moderate 
wind and absence of wind respectively, showed the 
apparent need for contact between the flame and the 
crowns to generate crown fire.
Stocks et al. (2004b) and Taylor et al. (2004), from 
observations during the ICFME carried out in a boreal 
forest dominated by Pinus banksiana Lamb. with a 
minor Picea mariana Mill. component, suggested the 
need of a mean flame duration of at least 30 s for 
crown ignition. That time was assessed in the bench-
scale experiments (Fig. 6) and through observations 
of the occurrence of passive crown fire events in the 
border of the field plots in the full-scale experiment. 
The values measured with thermocouples placed in 
the crowns (Fig. 3) and the validation of the Nelson 
& Adkins (1988) model (Table 6) indicate tr required 
to generate a crown fire much shorter (12 s) in young 
stone pine stands than in boreal stands. The results 
also show that bench-scale tests, based on radiation 
heat flux, offer limited insight into what actually 
occurs in full-scale phenomena (Fernandes & Cruz, 
2012; Sullivan & Cruz, 2015), thus highlighting the 
urgent need to develop new bench-scale methods 
based on flame buoyancy (Finney et al., 2015). 
Our initial results obtained at different scales 
suggest that flame buoyancy and likely air-forced 
convection are determinant for the ignition and fire 
propagation process in crown fires (Finney et al., 
2015). Furthermore, the reasonable estimation of ROS 
using the total fuel (surface and crown) consumed 
in the fire run C relative to runs A and B (better fit 
using only crown fuel), during fuel-scale experiment 
(Table 6) suggests interactions between both fuel 
layers and between fuel consumed and wind speed. 
This therefore suggests the need to develop specific 
fuel vegetation models that include the effect of fuel 
vertical structure and the simultaneous description of 
surface and crown biomass (Arellano et al., 2016). 
This initial work calls for developing additional 
experiments with measurements of convective and 
radiative heat transfer components to confirm these 
first observations and help to shed some light on 
those questions.
 Conclusions
The results of the first crown fire full-scale 
experiment in a Mediterranean conifer stand in Spain 
indicate that the current crown fire behaviour models 
may underestimate the rate of spread of crown fires 
in many Mediterranean ecosystems. In spite of the 
particular crown shape of P. pinea, we think that the 
results of the current study could be likely extrapolated 
to other Mediterranean conifers in their young stage. 
In this stand stage, fuel complex structure is very 
similar, in terms of understory and canopy fuel layers, 
to other pine species, and arguably, a similar response 
in relation to the transition from surface fire to crown 
fire and the crown fire spread can be expected, 
although that requires complementary research.
The findings also suggest that empirical crown 
fire models developed in boreal ecosystems must 
be calibrated in Mediterranean conditions in order 
to minimize the observed discrepancies. Evaluation 
of crown fire behaviour in Mediterranean forests is 
urgently required and more experimental fires must 
be conducted to enable development of new models 
or to calibrate available models under Mediterranean 
conditions. The new integrated model proposed in 
this study may be useful for optimizing prevention 
activities and for addressing difficulties in fire 
suppression. Nonetheless, that new model needs 
to be improved as new data become available. The 
new model programming carried out with Visual 
Behave software (Rodríguez y Silva et al., 2010) 
is a simple tool for predicting crown fire behaviour 
in Mediterranean environments, which is urgently 
needed by fire managers to help in preventing and 
extinguishing forest fires. 
These initial results confirm the complexity of 
crown fire behaviour (Alexander & Cruz, 2016) and 
reinforce the idea of Finney et al. (2015) regarding 
Figure 6. Flammability bench-scale experiment. Mean 
temperature curve (green) for pine needles (FMC 130%) 
during the Mass Loss Calorimeter experiments (N=10). 
The blue line represents the baseline temperature from 
the radiant heater (Heat flux 50 kW/m2, piloted ignition). 
The grey lines represent the time to ignition and time to 
flame out; difference between both times is used as an 
estimation of flame residence time (tr)
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the critical importance of convection and contact 
between flame and the crowns for crown fire 
initiation.
Acknowledgements
The authors are grateful to Antonio Arellano for 
his special technical assistance during field and 
laboratory experiments. “Las Traviesas” crown fire 
experiment was carried out with the technical and 
legal support of Andalusia Autonomous Region 
(Plan INFOCA, Consejería de Medio Ambiente 
de la Junta de Andalucía). The assistance of  Jose 
R. Gonzalez, Jesus Pardo, Emilia Puga y Marina 
Peleteiro is also acknowledged. The authors also 
thanks the anonymous reviewers for their suggestions 
to improve the manuscript.
References
Ager AA, Vaillant NM, Owens DE, Brittain S, Hamann 
J, 2012. Overview and example application of the 
Landscape Treatment Designer. USDA Forest Service, 
General Technical Report PNW-GTR-859, Portland, 
OR, USA, 11 pp.
Alexander ME, Cruz MG, 2016. Crown fire dynamics in 
conifer forests. In: Synthesis of knowledge of extreme 
fire behaviour: Volume 2 for fire behaviour specialists, 
researchers, and meteorologists; Werth PA et al., 
USDA Forest Service, General Technical Report PNW-
GTR-891, Portland, OR, USA, pp: 163-258.
Alexander ME, Cruz MG, Lopes AMG, 2006. CFIS: a 
software tool for simulating crown fire initiation and 
spread. Proc 5th Int Conf on Forest Fire Research, 
Figueira da Foz (Portugal), November 27-30, 
Amsterdam, The Netherlands: Elsevier B.V. pp. 1-13. 
https://doi.org/10.1016/j.foreco.2006.08.174
Anderson HE, 1982. Aids to determining fuel models 
for estimating fire behaviour. USDA Forest Service, 
Research Papert INT-122, Ogden, UT, USA, 20 pp. 
https://doi.org/10.2737/INT-GTR-122
Arca B, Duce P, Laconi M, Pellizzaro G, Salis M, 
Spano D, 2007. Evaluation of FARSITE simulator in 
Mediterranean maquis. Int J Wildland Fire 16: 563-572. 
https://doi.org/10.1071/WF06070 
Arellano S, Vega JA, Ruiz AD, Arellano A, Álvarez JG, 
Vega DJ, Pérez E, 2016. Foto-guía de combustibles 
forestales de Galicia, Versión I. Andavira Editora SL, 
Santiago de Compostela, Spain, 224 pp.
Benali A, Ervilha AR, Sá ACL, Fernandes PM, Pinto 
RMS, Trigo RM, Pereira JMC, 2016. Deciphering the 
impact of uncertainty on the accuracy of large wildfire 
spread simulations. Sci Total Environ 569-570: 73-85. 
https://doi.org/10.1016/j.scitotenv.2016.06.112
Bova AS, Dickinson MB, 2008. Beyond "fire temperatures": 
calibrating thermocouple probes and modeling their 
response to surface fires in hardwood fuels. Can J For Res 
38 (5): 1008-1020. https://doi.org/10.1139/X07-204
Bradstock RA, Cary GJ, Davies I, Lindenmayer DB, Price 
OF, Williams RJ, 2012. Wildfires, fuel treatment and risk 
mitigation in Australian eucalypt forests: insights from 
landscape-scale simulation. J Environ Manage 105: 66-
75. https://doi.org/10.1016/j.jenvman.2012.03.050
Bravo-Oviedo A, Montero G, 2008. Descripción de los 
caracteres culturales de las principales especies forestales 
de España. In: Compendio de Selvicultura Aplicada en 
España; Serrada R, Montero G, Reque JA (eds). INIA-
Ministerio de Educación y Ciencia, Madrid. 1178 pp + 
CD.
Butler BW, 2010. Characterization of convective heating in 
full-scale wildland fires. Proc 6th Int Conf on Forest Fire 
Research, Coimbra (Portugal), Nov 15-18, DX Viegas 
(Ed), 9 pp.
Butler BW, Cohen JD, 1998. Firefighter safety zones: a 
theoretical model based on radiative heating. Int J Wildland 
Fire 8: 73-77. https://doi.org/10.1071/WF9980073
Butler BW, Finney MA, Andrews PL, Albini FA, 2004a. A 
radiation-driven model for crown fire spread. Can J For 
Res 34 (8): 1588-1599. https://doi.org/10.1139/x04-074
Butler BW, Cohen MJ, Latham RD, Schuette P, Sopko 
K, Shannon S, Jiménez D, Bradshaw LS, 2004b. 
Measurements of radiant emissive power and temperatures 
in crown fires. Can J For Res 34 (8): 1577-1587. https://
doi.org/10.1139/x04-060
Byram GM, 1959. Combustion of forest fuels. In: Forest fire: 
control and use; KP Davis (ed), pp: 61-80. McGraw-Hill, 
NY.
Clark TL, Radke R, Coen J, Middleton D. 1999. Analysis 
of small-scale convective dynamics in a crown 
fire using infrared video camera imagery. J Appl 
Meteor 38: 1401-1420. https://doi.org/10.1175/1520-
0450(1999)038<1401:AOSSCD>2.0.CO;2
Coen J, Mahalingam S, Daily J, 2004. Infrared imagery 
of crown-fire dynamics during FROSTFIRE. J Appl 
Meteor 43:1241-1259. https://doi.org/10.1175/1520-
0450(2004)043<1241:IIOCDD>2.0.CO;2
Cruz MG, Alexander ME, 2010. Assessing crown fire 
potential in coniferous forests of western North America: 
a critique of current approaches and recent simulation 
studies. Int J Wildland Fire 19: 377-398. https://doi.
org/10.1071/WF08132
Cruz MG, Alexander ME, Wakimoto RH, 2002. Predicting 
crown fire behavior to support forest fire management 
decision-making. In: Forest fire research and wildland fire 
safety [CD-ROM]; Viegas DX (Ed). Millpress Sci Publ, 
Rotterdam, Netherlands, 11 pp.
Assessment of crown fire models in Meditarranean conifer forests
Forest Systems August 2017 • Volume 26 • Issue 2 • e02S
13
Cruz MG, Alexander ME, Wakimoto RH, 2005. Development 
and testing of models for predicting crown fire rate of 
spread in conifer forest stands. Can J For Res 35: 1626-
1639. https://doi.org/10.1139/x05-085
Cruz MG, Butler BW, Alexander ME, 2006. Predicting the 
ignition of crown fuels above a spreading surface fire. 
Part II: model evaluation. Int J Wildland Fire 15 (1): 61-
72 https://doi.org/10.1071/WF05045
Despain DG, Clark DL, Reardon JJ, 1996. Simulation of 
crown fire effects on canopy seed bank in Lodgepole 
Pine. Int J Wildland Fire 6: 45-49. https://doi.org/10.1071/
WF9960045
Duguy B, Alloza JA, Röder A, Vallejo R, Pastor F, 2007. 
Modelling the effects of landscape fuel treatments on 
fire growth and behaviour in a Mediterranean landscape 
(eastern Spain). Int J Wildland Fire 16: 619-632. https://
doi.org/10.1071/WF06101
Fady B, Fineschi S, Vendramin GG, 2004. EUFORGEN 
Technical Guidelines for genetic conservation and use 
for Italian stone pine (Pinus pinea). IPGRI, Rome, 6 pp. 
ISBN 92-9043-663-8.
Fernandes P, Cruz MG, 2012. Plant flammability experiments 
offer limited insight into vegetation fire dynamics 
interactions. New Phytol 194 (3): 606-609. https://doi.
org/10.1111/j.1469-8137.2012.04065.x
Finney MA, 1998. FARSITE: Fire area simulator-Model 
development and evaluation. USDA Forest Service, 
Research Paper RMRS-RP-4, Ogden, UT, USA, 47 pp.
Finney MA, McAllister SS, 2016. Fire interactions and 
mass fires. In: Synthesis of knowledge of extreme fire 
behaviour, Vol 2; Werth PA et al. (eds), USDA Forest 
Service, General Technical Report PNW-GTR-891, 
Portland, OR, USA, pp: 83-104.
Finney MA, Cohen JD, McAllister SA, Jolly WM, 2013. On 
the need for a theory of wildland fire spread. Int J Wildland 
Fire 22: 25-36. https://doi.org/10.1071/WF11117
Finney MA, Cohen JD, Forthofer JM, McAllister SS, 
Gollner MJ, Gorham DJ, Saito K, Akafuah NK, Adam 
BA, English JD, 2015. Role of buoyant flame dynamics 
in wildfire spread. Proc Natl Acad Sci USA 112 (32): 
9833-9838. https://doi.org/10.1073/pnas.1504498112
Frankman D, Webb BW, Butler BW, Jimenez D, Forthofer 
JM, Sopko P, Shannon KS, Hiers JK, Ottmar RD, 2012. 
Measurements of convective and radiative heating in 
wildland fires. Int J Wildland Fire 22: 157-167. https://
doi.org/10.1071/WF11097
González-Olabarría JR, Rodríguez F, Fernández-Landa A, 
Mola-Yudego B, 2012. Mapping fire risk in the Model 
Forest of Urbión (Spain) based on airborne LiDAR 
measurements. For Ecol Manage 282: 149-156.
Jiménez E, Vega-Nieva D, Rey E, Fernández C, Vega JA, 
2016. Midterm fuel structure recovery and potential 
fire behaviour in a Pinus pinaster Ait. forest in northern 
central Spain after thinning and mastication. Eur J Forest 
Res 135 (4): 675-686. https://doi.org/10.1007/s10342-
016-0963-x
Linn R, Winterkamp J, Colman JJ, Edminster C, Bailey JD, 
2005. Modeling interactions between fire and atmosphere 
in discrete element fuel beds. Int J Wildland Fire 14: 37-
48. https://doi.org/10.1071/WF04043
Madrigal J, Hernando C, Guijarro M, Diez C, Marino E, de 
Castro AJ, 2009. Evaluation of forest fuel flammability 
and combustion properties with an adapted mass loss 
calorimeter device. J For Sci 27 (4): 323-342. https://doi.
org/10.1177/0734904109102030
Madrigal J, Hernando C, Guijarro M, 2013. A new bench-
scale methodology for evaluating the flammability of 
live forest fuels. J Fire Sci 31 (2): 131-142. https://doi.
org/10.1177/0734904112458244
Madrigal J, Fernández-Migueláñez I, Hernando C, Guijarro 
M, Vega-Nieva DJ, Tolosana E, 2017. Does forest 
biomass harvesting for energy reduce fire hazard in the 
Mediterranean Basin? A case study in the Caroig Massif 
(Eastern Spain). Eur J Forest Res 136: 13-26. https://doi.
org/10.1007/s10342-016-1004-5
Mell W, Maranghides A, McDermott, R, Manzello SL, 
2009. Numerical simulation and experiments of burning 
Douglas fir trees. Combust Flame 156: 2023-2041. https://
doi.org/10.1016/j.combustflame.2009.06.015
Molina JR, 2015. Validación y ajustes de los modelos de 
propagación de fuego de copa en la ordenación del 
paisaje forestal. In: Lecciones aprendidas en los incendios 
forestales; Rodríguez y Silva F (Ed). SECF-Universidad 
de Córdoba-MAGRAMA-Junta de Andalucía. Córdoba, 
Spain, pp: 146-166. ISBN: 978-84-608-3864-7.
Molina JR, Rodríguez y Silva F, Mérida E, Herrera MA, 
2013. Evaluando las propagaciones de copa en incendios 
acontecidos en Andalucía con vistas a su modelización. 
Una aproximación empírica al inicio y propagación del 
fuego de copas en masas de pinares. 6º Congreso Forestal 
Español, SECF, Vitoria-Gasteiz, Jun 10-14. http://www.
secforestales.org/
Montero G, Ruiz-Peinado R, Muñoz M, 2005. Producción 
de biomasa y fijación de CO2 por los bosques españoles. 
Monogr INIA: Ser For Nº 13. INIA, Madrid. 270 pp.
Moreira F, Viedma O, Arianoutsou M, Curt T, Koutsias N, 
Rigolot E, Barbati E, Corona P, Vaz P, Xanthopoulos G, 
et al., 2011. Landscape–wildfire interactions in southern 
Europe: implications for landscape management. J Environ 
Manage 92 (10): 2389-2402. https://doi.org/10.1016/j.
jenvman.2011.06.028
Nelson RM, Adkins CW, 1988. A dimensionless correlation 
for the spread of wind-driven fires. Can J For Res 18: 391-
397. https://doi.org/10.1139/x88-058
Oliveira TM, Barros AM, Ager AA, Fernandes PM, 2016. 
Assessing the effect of a fuel break network to reduce 
burnt area and wildfire risk transmission. Int J Wildland 
Fire 25: 619-632. https://doi.org/10.1071/WF15146
Francisco Rodríguez y Silva, Mercedes Guijarro, Javier Madrigal, Enrique Jiménez, Juan R. Molina, et al. 
Forest Systems August 2017 • Volume 26 • Issue 2 • e02S
14
Pitts WM, Brown E, Peacock RD, Mitler HE, Johnsson EL, 
Reneke PA, Blevis LG, 2002. Temperatures uncertainties 
for bare-bead and aspirated thermocouples measurements 
in fire environments. In: Thermal measurements: The 
foundation of Fire Standards, ASTM STP 1427, LA 
Grizo & NJ Alvares, Eds., ASTM International, West 
Conshohocken, PA, USA.
Rodríguez y Silva F, Molina JR, 2012. Modeling 
Mediterranean forest fuels by integrating field data and 
mapping tools. Eur J Forest Res 131: 571-582. https://doi.
org/10.1007/s10342-011-0532-2
Rodríguez y Silva F, Molina JR, Martínez JF, 2010. Manual 
técnico de aplicaciones informáticas para la defensa contra 
incendios forestales. MANPAI XXI. Córdoba. 117 pp.
Rothermel RC, 1991. Predicting behaviour and size of crown 
fires in the Northern Rocky Mountains. USDA Forest 
Service, Research Paper INT-438, Ogden, UT, USA, 46 
pp.
Ruiz-Peinado R, del Río M, Montero G, 2011. New models 
for estimating the carbon sink capacity of Spanish 
softwood species. Forest Syst 20 (1): 176-188. https://doi.
org/10.5424/fs/2011201-11643
Shannon KS, Butler BW, 2003. A review of errors associated 
with thermocouple temperature measurement in fire 
environments. Proc 2nd Fire Ecol Congr, Orlando, FL, 
USA, Nov 16-20
Stocks BJ, Alexander ME, Lanoville RA, 2004a. Overview 
of the international crown fire modelling experiment 
(ICFME). Can J For Res 34: 1543-1547. https://doi.
org/10.1139/x04-905
Stocks BJ, Alexander ME, Wotton BM, Stefner CN, 
Flannigan MD, Taylor SW, Lavoie N, Mason JA, 
Hartley GR, Maffey ME, et al., 2004b. Crown fire 
behaviour in a northern jack pine – black spruce forest. 
Can J For Res 34: 1548-1560. https://doi.org/10.1139/
x04-054
Sullivan AL, Cruz MG, 2015. Small-scale flame dynamics 
provide limited insight into wildfire behaviour. Proc 
Natl Acad Sci USA 112 (31): E4165. https://doi.
org/10.1073/pnas.1506877112
Taylor SW, Wotton BM, Alexander ME, Dalrymple GN, 
2004. Variation in wind and crown fire behaviour in a 
northern jack pine – black spruce forest. Can J For Res 
34: 1561-1576. https://doi.org/10.1139/x04-116
Thomas PH, 1963. The size of flames from natural fires. 
Int Symp on Combustion 9, pp: 844-859. Elsevier. 
https://doi.org/10.1016/S0082-0784(63)80091-0
Van Wagner CE, 1977. Conditions for the start and spread 
of crown fire. Can J For Res 7: 23-34. https://doi.
org/10.1139/x77-004
Werth PA, Potter BE, Alexander ME, Cruz MG, Clements 
CB, Finney MA, Forthofer JM, Goodrick SL, Hoffman 
C, Jolly WM, et al., 2016. Synthesis of knowledge of 
extreme fire behaviour, Vol 2. USDA Forest Service, 
General Technical Report PNW-GTR-891, Portland, 
OR, USA, 258 pp.
